Cyanobacteriochrome RcaE regulates Type III complementary chromatic adaption in the cyanobacterium Fremyella diplosiphon by photoswitching between a green-absorbing dark state Meta-G o1 and Meta-G o2 intermediates, with a protonation reaction occurring at the final step on the millisecond timescale. Reverse reaction dynamics were characterized and reveal an unusually long-lived Lumi-R f photoproduct and a blue-shifted Meta-R y intermediate.
INTRODUCTION
Photoreceptor proteins allow organisms to respond to changing ambient light conditions via photobiological responses such as phototaxis, 1, 2 optimization of bacterial photosynthesis, 3 and the regulation of gene expression.
4-7
Multiple classes of photoreceptors have been characterized with spectral sensitivities ranging from the ultraviolet to the near-infrared, with longer wavelength sensitivity often associated with the bilin-binding phytochrome 5, 7, 8 and cyanobacteriochrome (CBCR) families.
7, 9-11
While phytochromes are typically associated with red and far-red responses, CBCRs span the entire visible spectrum and near ultraviolet.
11, 12
The photoresponses of both phytochromes and CBCRs are initiated by same the photoisomerization of the 15,16-double bond of the covalently attached bilin chromophore. However, the biophysical principles coupling this isomerization to the subsequent long-time dynamics necessary to generate photoresponses are still poorly understood. Such dynamics are a topic of great interest in understanding the mechanisms underlying protein photoactivity, and transient spectroscopies are optimal for such studies.
RcaE was genetically identified as a regulator of complementary chromatic acclimation in the filamentous cyanobacterium Fremyella diplosiphon and was subsequently shown to exhibit a green/red photocycle in agreement with the known action spectrum for CCA.
13, 14
RcaE photoswitches between a green-absorbing dark-adapted and pump-dump-probe (PDP) spectroscopies. 15 16 These transient studies resolved complex dynamics involving the interplay of long-living excited-states, multiple transient populations, excited-state tautomerization, photoisomerization, multilayered inhomogeneity, and reactive intermediates.
16
In the primary (100 fs-10 ns) photodynamics of most phytochromes [17] [18] [19] [20] [21] [22] and CBCRs [22] [23] [24] [25] [26] [27] [28] characterized to date, a single primary intermediate is typically resolved after the photoexcitation of the respective dark-adapted states. However, forward reaction photodynamics of RcaE are unique, with three primary intermediates observed after excitation of
and Lumi-G f. . These primary photoproducts absorb in the orange (595 nm), red (630 nm), and far-red (675 nm), respectively. 15, 17 Upon initiation with green light, all three photoproducts are generated with characteristic yields. However, multipulse application of green and red light changes these yields, with Lumi-G f increasing, Lumi-G o decreasing, and Lumi-G r remaining unaffected.
Of these three coevolving primary photoproducts, the Lumi-G r intermediate is metastable and decays on a 900-ps timescale back into 15Z P g without evolving into a secondary intermediate.
In contrast, both Lumi-G o and Lumi-G f intermediates persist beyond the 8-ns temporal window of the ultrafast experiments. Depending on the spectral properties of the incident light and the secondary dynamics (>10 ns) coupling these primary dynamics to the terminal 15, 16, 22, 23, [25] [26] [27] the secondary dynamics (10 ns -10 ms) of CBCRs have attracted less attention, with only four so characterized: AnPixJg2 from Nostoc sp. strain PCC 7120, 29, 30 Slr1393g3 from Synechocystis sp. strain PCC6803,
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from Thermosynechococcus elongatus 24, 32 and NpF2164g3 from Nostoc punctiforme. 25 Our characterization of RcaE not only expands this list but also demonstrated that CBCRs exhibit markedly diverse photodynamics.
MATERIALS AND METHODS
Sample Preparation. The GAF domain of RcaE was purified from PCB-producing
Escherichia coli cells 13, 33 as described previously.
14 Static absorption spectra were acquired on a Cary 50 spectrophotometer modified to allow top-down illumination of the sample to initiate photochemistry with band-pass filters at 400 ± 35 nm and 600 ± 20 nm.
Transient Signals.
The instrumental setup for measuring secondary dynamics uses a design similar to that used to characterize the primary dynamics.
25, 34
Broadband probe pulses were generated by focusing a portion (~1 μJ) of a 800-nm Ti:Sapphire amplified laser (SpectraPhysics, Spitfire Pro) into a slowly translating 10-mm thick CaF 2 crystal. The probe pulses were imaged via a spectrograph (Oriel Instruments 77480) onto a 256-pixel InGaAs diode array (Hamamatsu C8061-01) after passing through the sample. The 526-nm excitation pulses for initiating secondary signals originate from the second harmonic output of an independent Qswitched diode-pumped solid-state Nd:YAG laser (Pulselas-A-532-300). The instrument response function was estimated at ~550 ps based on the rise times of the data. the multicomponent global analysis formalism that has been successfully applied to characterizing the photodynamics of other CBCR systems. 16, 22, 23, [26] [27] [28] [35] [36] [37] The complete methodology of this approach is described elsewhere, 38 but the gist involves decomposing the transient data into a set of distinct populations with time-independent spectra and timedependent amplitudes. For the data discussed here, the constituent populations are assumed to evolve via activated barrier-crossing dynamics, which can be described by first-order kinetics:
where the n i , A i I(t), and K ij respectively represent the population of interest, the pump pulse profile, and the rate constant matrix elements that describes the connectivity of populations via the time constants of evolution of one population into another.
Global analysis models can differ in connectivity and thus in the interpretation of the extracted spectra and kinetics of the constituent populations (species): sequential, parallel, or an admixture of the two. were initially analyzed within a sequential model (i.e., an EADS approach) before applying a more complex target model to extract underlying population dynamics.
RESULTS
RcaE is a member of the green/red family of CBCRs with a dark-adapted 15Z P g state containing a deprotonated bilin π system ( Figure 1A ).
16
The 15Z P g absorption spectrum (green curve) peaks in the green region with a non-Gaussian spectral lineshape that is attributed to two tautomers of the PCB chromophore with either the B-or C-ring deprotonated 39 that coexist in equilibrium.
In contrast, the PCB chromophore in the 15E P r state is fully protonated with a nonGaussian absorption spectrum (red curve) peaking at 660 nm with a high-energy shoulder.
6
The forward reaction transient spectra of RcaE at select probe times are contrasted in Figure 2A . Since the 550-ps instrument response is appreciably slower than the excited-state 15Z P g * kinetics, 15, 16 the measured spectra primarily track the subsequent ground-state intermediates. These spectra are the combination of a negative absorption from a ground-state bleach (GSB, 450-560 nm) due to loss of the 15Z P g ground-state population and positive absorption from new photoproduct bands (560-710 nm). The 2 ns spectrum (black curve) peaks at 593 nm with a long wavelength tail 15, 16 and consists of the Lumi-G o (~595 nm), Lumi-G r (~630 nm), and Lumi-G f (~700 nm) primary photoproducts. This spectrum then evolves into a blue-shifted spectrum peaking at ~575 nm with a substantial loss of amplitude of the red portion of the spectrum (10 ns spectrum; red curve); this evolution is primarily ascribed to the decay of Lumi-G r .
16
However, the broad far-red absorption attributed to the Lumi-G f intermediate at ~700
nm still persists. The subsequent 100 ns -100 μs spectra shift slightly in peak wavelength and amplitude (Figure 2A ; inset) before eventually evolving into exhibit comparable dynamics, the Lumi-G f population ( Figure 2D) 15, 16 exhibits a unique ~5 μs decay timescale, indicating it independently evolves as implied by previous interpretations of the inhomogeneous primary dynamics.
15, 16
The data were analyzed within a sequential model (Figure 3 ) that required six compartments to capture the full observed dynamics. In contrast to the secondary dynamics of other CBCRs, 25, [29] [30] [31] 40 which exhibit significant spectral evolution, the extracted EADS exhibit only small changes of amplitudes and peak wavelengths, with the exception of the initial excitedstate 15Z P g * and terminal 15E P r spectra (EADS1 and EADS6). Based on this EADS analysis, the previous PP signals, and the interpretation of the raw data in Figure 2 
Discussion
8
RcaE exhibits the most complex primary and secondary dynamics of any CBCR resolved to date, conceptualized in the photocycle presented in Figure 7 . The primary forward dynamics are strongly controlled by the inhomogeneity of the sample, ascribed in part to the two tautomers of the PCB chromophore. 15, 16, 39 Of the three primary Lumi photoproducts formed after excitation 
23, 26,
28, 42
However, the subsequent secondary dynamics of RcaE do not exhibit the strong spectral shifting observed in red/green CBCRs. This difference likely originates from the differing nature of the photodynamics, since the 15E P g → 15Z P r evolution in red/green CBCRs is primarily ascribed to structural evolution of PCB from a starting 15E geometry, 
29-31
In contrast, decay of Lumi-R f in AnPixJg2 (termed APr 648 ) is appreciably 9 faster (<100 ns) 29, 30, 44 and no clear evidence of Lumi-R f was resolved in the red/green Slr1393g3 CBCR (although the authors suspected that Lumi-R f may be obscured by overlapping GSB and ESA bands).
28, 31
A molecular level description of the underlying three-order difference in lifetimes for AnPixJg2, Slr1393g3, and RcaE is lacking.
However, while the primary dynamics of AnPixJg2 have not been resolved, the average excited-state lifetime of which is comparable to the lifetimes of many of the red/green CBCRs reported from Nostoc punctiforme. 27 The 380 ps excited-state lifetime of 15E P r * in RcaE is comparable to the slower members of this set of these red/green CBCRs. While it is tempting to propose that mutual mechanism exists in controlling both excited-state lifetimes and subsequent primary intermediates decay times in CBCRs, establishing such a correlation requires additional secondary signals to be characterized and is a topic of further study.
Concluding Comments
Our work demonstrates that Lumi-G r and Lumi-G f , two of the three primary photoproducts formed in the forward photoreaction of RcaE, are nonproductive. This result implies that the observed ability to enhance Lumi-G f formation at the expense of Lumi-G o with multipulse PDP spectroscopy transfers the excited-state population from a productive pathway to a nonproductive one. RcaE thus may be a CBCR system that allows selective transfer from photoactive sub-populations to fluorescent ones via multipulse techniques, behavior with a range of potentially intriguing applications in optogenetic or synthetic biology approaches. Figure S1 to facilitate the comparison of ground-state photoproduct populations. EADS1 has a decaying lifetime ~ 1 ns that is not poorly resolved due to the IRF. The 15E P r -15Z P g difference spectra (unfilled circles in Figure 3B ) is shown as a visual aid. 
The first EADS (EADS1) is presented in
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